Introduction-Operant conditioning can gradually change the human soleus H-reflex. The protocol conditions the reflex near M-wave threshold. This study examined its impact on the reflexes at other stimulus strengths.
INTRODUCTION
The spinal cord changes throughout life. Activity-dependent plasticity in spinal cord neurons and synapses is prominent during development, contributes to skill acquisition and maintenance throughout later life, and occurs in response to trauma and disease [1] [2] [3] [4] [5] . Protocols that operantly condition spinal reflexes (such as the spinal stretch reflex and its electrical analog the H-reflex) provide powerful models for studying the mechanisms and impact of this plasticity [4] [5] [6] 3 . Furthermore, because these reflex pathways serve in complex motor skills such as locomotion [7] [8] [9] [10] [11] [12] , conditioning protocols may provide a new therapeutic approach to restoring function after spinal cord injuries or in other disorders 13 .
Long-term spinal reflex changes might be expected to have long-term effects on reflex recruitment curves (such as the H-reflex/M-wave relationship) 14 comparable to the shortterm changes in recruitment that occur with switching from one motor task to another (i.e., task-dependent modulation), with movement-induced reflex conditioning 15 , or over the different phases of locomotion (i.e., phase-dependent modulation) [16] [17] [18] . However, aside from Carp et al. 19 and Dragert and Zehr 14 , studies of long-term reflex plasticity have typically focused on change in the reflex at a single point in the recruitment curve [e.g., at the maximum H-reflex (H max ) [20] [21] [22] ]. Information on the effects of reflex change on the entire recruitment curve (i.e., on the reflexes obtained with other stimulus amplitudes) could help to clarify the mechanisms and the functional impact of the reflex change.
In a recent study 23 , we showed that the human soleus H-reflex can be changed with an operant conditioning protocol. H-reflex increase (HRup subjects) or decrease (HRdown subjects) occurred while background EMG, M-wave, and subject posture remained unchanged. While the conditioning protocol focused on changing the H-reflex associated with an M-wave of a specific size, we also obtained H-reflex/M-wave recruitment curves in all sessions. These curves allow us to assess the impact of up-or down-conditioning on the H-reflexes elicited as stimulus strength varies across a broad range. This paper reports the results of this assessment. It provides a more comprehensive picture of the impact of the conditioning protocol on the functioning of the pathway that produces the H-reflex and thereby illuminates the implications of H-reflex conditioning for other behaviors to which the pathway contributes.
MATERIALS AND METHODS

Operant conditioning of the soleus H-reflex
The operant conditioning protocol for the human soleus H-reflex has been described in detail previously 23 and is summarized here. Briefly, the protocol comprised 6 baseline sessions and 24 conditioning sessions spread over 10 weeks (i.e., 3/wk). Each subject's sessions always occurred at the same time of day to control for diurnal variations in H-reflex size [24] [25] [26] [27] .
To elicit the H-reflex, the tibial nerve was stimulated in the popliteal fossa using surface self-adhesive Ag-AgCl electrodes (2.2×2.2 cm for the cathode and 2.2×3.5 cm for the anode, VerMed, Inc., Bellows Falls, VT) and a Grass S48 stimulator (with CCU1 constant current unit and SIU5 stimulus isolation unit; AstroMed, Inc., West Warwick, RI). The stimulating electrode pair was placed so as to minimize the H-reflex threshold and to avoid stimulation of other nerves. Soleus EMG was recorded with another pair of these electrodes placed longitudinally just below the gastrocnemii with their centers 3 cm apart. To monitor antagonist EMG, additional electrodes were placed over the belly of the tibialis anterior (TA) muscle. EMG activity was amplified, band-pass filtered (3-3,000 Hz), sampled at 5,000 Hz, and stored. To avoid session-to-session variability in electrode locations, their positions were initially mapped in relation to landmarks on the skin (e.g., scars or moles), and this mapping was used to place the electrodes in every session.
In a few preliminary sessions prior to the first baseline session, the soleus and TA background EMG ranges were set to match the levels found during natural standing, and the target soleus M-wave size was set to the size of the M-wave that was just above threshold. In each H-reflex trial of each subsequent session, the soleus H-reflex was elicited while the subject maintained a natural standing posture and constant levels of soleus and TA background EMG. For all the H-reflex trials throughout the study, M-wave size was kept constant.
In each baseline session, 225 control H-reflexes (as 3 blocks of 75 trials) were elicited. In each conditioning session, 20 control H-reflexes were elicited as in the baseline sessions, and then 225 conditioned H-reflexes (in 3 blocks of 75 trials) were elicited. The difference between control and conditioned H-reflex trials was that, in the conditioned H-reflex trials, the subject was asked to increase (HRup subjects) or decrease (HRdown subjects) the Hreflex and was given visual feedback after each stimulus to indicate whether the resulting Hreflex was larger (HRup subjects) or smaller (HRdown subjects) than a criterion value. Thus, in control H-reflex trials the H-reflex was simply elicited, while in conditioned Hreflex trials the subject was encouraged to increase or decrease H-reflex size, and the Hreflex was immediately followed by feedback indicating whether it satisfied the size criterion. In the conditioning session, the size criterion for the first block of 75 conditioned H-reflex trials was based on the immediately preceding block of 20 control H-reflex trials, and the criterion values for the second and third blocks of conditioned H-reflex trials were based on the immediately preceding block of 75 conditioned H-reflex trials. The criterion was selected so that, if H-reflex sizes for the new block were similar to those for the previous block, 50-60% of the trials would be successful 28 . For each block, the subject earned a modest extra monetary reward when the success rate exceeded 50%. (See 23 for full details.) In these conditioned trials, subjects were encouraged to develop a strategy for changing H-reflex size in the correct direction without changing posture or background EMG activity. Subject reports of their conditioning strategies are listed in Table 2 of Thompson et al. 23 .
As described fully in Thompson et al. 23 , over the course of the conditioning sessions the Hreflex elicited in both the initial 20 control trials and the 225 conditioning trials usually changed, increasing in HRup subjects and decreasing in HRdown subjects. The change in the control H-reflex reflected long-term plasticity in the reflex, while the greater change in the conditioned H-reflex reflected both long-term plasticity and within-session taskdependent adaptation (see Thompson et al. 23 for full discussion).
Measurement of H-reflex/M-wave recruitment curve
At the beginning of each session, prior to the control and conditioning H-reflex trials described above, a full H-reflex/M-wave recruitment curve was obtained while the subject stood and maintained a defined level of EMG activity (typically 20-23 μV, corresponding to 10-20% of maximum voluntary contraction). Stimulus intensity was increased in increments of 1.2-2.5 mA from soleus H-reflex threshold to an intensity just above that needed to elicit the maximum M-wave (M max ) 29, 30 . Four EMG responses were averaged to measure the Hreflex and M-wave at each intensity.
Subjects
This study analyzes the H-reflex/M-wave recruitment curves from those subjects of the Thompson et al. (2009a) study in which the control H-reflex, as well as the conditioned Hreflex, changed in the correct direction (i.e., increased in HRup subjects and decreased in HRdown subjects). Thus, it focused on those subjects with clear evidence of long-term plasticity in the H-reflex pathway. This group comprised 12 adults (ages 21-55, 6 women and 6 men) with no known neurological disease or injury. The study was approved by the New York State Department of Health Institutional Review Board, and each person provided informed consent.
Data analysis
Using the recruitment data of the 6 baseline sessions and the last 6 conditioning sessions, Hreflex size was plotted as a function of the size of the accompanying M-wave. For the statistical analysis of the recruitment data, the Kolmogorov-Smirnov test was used, since it is sensitive to differences in both location and shape of sample distributions. To estimate H max and the corresponding M-wave size for the recruitment curves from the 6 baseline and last 6 conditioning sessions, second-order polynomial curves 31 were fitted to the H-reflex sizes elicited by stimulus levels ranging from the level that elicited a threshold M-wave, through the level that elicited H max , to the level at which H-reflex size had fallen back to at least the 1/3 H max . Depending on the subject, this latter stimulus evoked an M-wave of 30-60% M max . These curves provided good fits to the data (average r 2 = 0.61 for HRup and 0.62 for HRdown subjects). The ascending limb of the H-reflex recruitment curve has been described as sigmoidal, and a sigmoidal curve generally provides a good fit when the H max value is already calculated and available [31] [32] [33] . However, in this study, the H-reflex and Mwave measurements from 6 sessions were pooled to generate the H-reflex/M-wave recruitment curve and H max , and the corresponding M-wave size had to be estimated. Thus, a polynomial curve, which fits H-reflex/M-wave recruitment data as well as a sigmoidal curve fits 32 , was used.
RESULTS
Comparison of the average H-reflex recruitment curves during the baseline sessions to those during the final conditioning sessions showed that the H-reflex elicited by the stimulus level used in the conditioning protocol had increased in all 6 HRup subjects and decreased in all 6 HRdown subjects. Thus, the curves were consistent with the effects of conditioning on the H-reflexes measured in the 20 control trials of each session.
H-reflex recruitment in HRup subjects
In 5 of the 6 HRup subjects, H-reflex size increased across a wide range of M-wave levels so that H-reflexes were larger across all or most of the recruitment curve. In 4 of these 5 subjects, the increase was significant (p < 0.05, Kolmogorov-Smirnov test). Consistent with this overall increase, H max (measured as the peak value of the fitted plot) increased to 129, 120, 110, 107, and 136% of its baseline value in the 5 subjects, respectively. At the same time, the recruitment curve did not move relative to M-wave size: in each of the 5 subjects, the size of the M-wave that accompanied H max changed by <1% of M max . In these HRup subjects, the recruitment curve did not shift horizontally or change in shape, rather the area under it increased. Figure 1A illustrates this change with the recruitment curves from 1 of these subjects. This figure also illustrates the broad recruitment curves found in these subjects.
In contrast, in the remaining HRup subject, conditioning shifted the curve to the left. H max did not increase (i.e., final value 102% of baseline value), but the M-wave size associated with H max decreased by 5% of M max . Thus, while H max itself did not increase, the H-reflex sizes associated with stimuli just above M-wave threshold (including the stimulus used in the conditioning protocol) did increase. The leftward shift in the recruitment curve is readily apparent in Figure 1B . The curves are quite narrow compared to those in Figure 1A .
H-reflex recruitment in HRdown subjects
The 2 different patterns of change in the H-reflex recruitment curve seen with HRup conditioning were also evident with HRdown conditioning. In 3 of the 6 HRdown subjects, the H-reflex over the recruitment curve range was significantly decreased (p < 0.05, Kolmogrov-Smirnov test). In these HRdown subjects, the curves were broad, and H-reflex size decreased across a wide range of M-wave levels, so that H-reflexes were smaller across all or most of the recruitment curve. Consistent with this overall decrease, H max decreased to 67, 69, and 90% of its baseline value in the 3 subjects, respectively. At the same time, the recruitment curve did not move relative to M-wave size; in each subject, the size of the M-wave that accompanied H max changed by <1% of M max . In these HRdown subjects, the recruitment curve did not shift horizontally or change in shape; rather the area under it decreased. Figure 2A illustrates this change with the recruitment curves from 1 of these subjects.
In contrast, in the other 3 HRdown subjects, the recruitment curves were narrow, and conditioning shifted the curve to the right. H max did not decrease (i.e., final values 99, 91, and 105% of baseline), but the M-wave size associated with H max increased by 12, 6, and 5%, respectively. Thus, while H max itself did not decrease, the H-reflex sizes associated with stimuli just above M-wave threshold (including the stimulus used in the conditioning protocol) did decrease. Figure 2B illustrates this rightward shift with the recruitment curves from 1 of these subjects. These curves are narrow compared to those in Figure 2A .
DISCUSSION
The results show that the effects of H-reflex conditioning were not limited to the H-reflexes elicited by a stimulus of the same strength as that used in the conditioning protocol. Conditioning affected the H-reflexes elicited across a broad range of stimulus strengths. Two different patterns of change were evident. In most subjects the recruitment curve was relatively broad, and it was simply elevated by up-conditioning or depressed by downconditioning, without a change in the M-wave size at which H max was elicited. In the remaining subjects the curve was narrow, and conditioning did change the M-wave size at which H max was elicited, so that the curve was shifted to the left (by up-conditioning) or to the right (by down-conditioning). These changes in the recruitment curve cannot be explained as day-to-day variability, since each curve represents data from the 6 baseline sessions or the last 6 conditioning sessions.
These results raise at least 3 questions. First, why are there 2 different patterns of change in the recruitment curve? Second, how do the recruitment changes relate to the plasticity underlying H-reflex conditioning? Third, what are the possible functional and therapeutic implications of the results?
The factors shaping the recruitment curve changes
The impact of H-reflex conditioning on the recruitment curve (overall increase/decrease vs. right/left shift) appears to depend on the shape of the curve (i.e., broad vs. narrow), which differs across subjects. The shape of the curve is likely to reflect subject-specific relationships among stimulus strength, M-wave size, and H-reflex size.
In general, larger axons are more readily excited by external stimulation. Thus, since larger motoneurons have larger axons, the threshold M-wave is produced primarily by axons from the largest motoneurons. As stimulus strength increases, smaller and smaller motor axons join the M-wave, until M max is reached 34 . In contrast, the threshold H-reflex is produced mainly by axons from the smallest motoneurons, because they are more readily excited by primary afferent input. As stimulus strength increases, larger and larger motoneurons join the H-reflex. At some point, however, the stimulus rises to a point where the H-reflex stops increasing (i.e., H max ), and then, with further stimulus increase, the H-reflex begins to decrease. The amplitude of H max and the stimulus level at which it occurs are determined by 2 factors. The first factor is the susceptibility of the motoneurons to excitation by primary afferent input. The second factor is the stimulus level at which the larger motoneurons that would be added to the H-reflex by further stimulus increase have already been added to the M-wave.
We suggest that the first factor, motoneuron susceptibility to primary afferent excitation, is the main determinant of H max in those subjects with broad recruitment curves. As the stimulus increases, the H-reflex increases until no more motoneurons are susceptible to primary afferent excitation, and it remains at this amplitude until continued stimulus increase eventually begins to recruit into the M-wave motoneurons that would otherwise participate in the H-reflex. In this case, H-reflex up-(or down-) conditioning simply increases (or decreases) H max and the entire curve, without significantly changing the stimulus strength (or M-wave size) associated with H max .
In contrast, we suggest that the second factor, the unavailability of motoneurons already recruited into the M-wave, is the main determinant of H max in the subjects with narrow recruitment curves. As the stimulus increases, more and more motoneurons join the H-reflex until no more are available, and then, as the stimulus rises further, motoneurons that had participated in the H-reflex are co-opted by the M-wave. In this case, H-reflex up-(or down-) conditioning decreases (or increases) the stimulus strength at which no more motoneurons are available to be recruited into the H-reflex, and thus shifts H max and the entire curve to the left (or right).
The plasticity responsible for H-reflex change
While the initial shape of the H-reflex recruitment curve affects the impact of H-reflex conditioning on the curve, the plasticity responsible for conditioning might also affect the changes in the curve. For example, if conditioning had its greatest effect on the participation of larger motoneurons in the H-reflex, it might be expected to change the H-reflexes elicited at higher stimulus levels. However, to date there is no evidence that the effect of up-or down-conditioning is concentrated on a particular portion of the motoneuron population. Rather, the effects of conditioning appear to be distributed across the population (e.g., 35, 36 ). The recruitment curve changes reported here are consistent with this conclusion.
Furthermore, several kinds of spinal cord plasticity thought to account for H-reflex conditioning would be expected to affect the entire recruitment curve. Both the positive shift in motoneuron firing threshold that appears to account for down-conditioning 36, 37 and the change in polysynaptic afferent input that may contribute to up-conditioning 38 would be likely to affect the H-reflexes elicited at a wide range of stimulus levels. Other possible mechanisms of reflex change, such as change in presynaptic inhibition at the Ia afferent synapse 8, 39, 40 , would probably also affect the entire recruitment curve. Changes in presynaptic inhibition of Ia afferents have been suggested as mechanisms of both short and long-term plasticity in the H-reflex pathway 8, 41, 42, 1, 43, 29, 7 . The H-reflex operant conditioning protocol produces both within-session task-dependent adaptation and long-term across-session change in H-reflex size 23 . The short-term, within-session change is likely to be presynaptic in origin, since the posture, background EMG, and M-wave size are kept the same throughout the session 44, 40 . While it is possible that altered presynaptic inhibition also contributes to the long-term across-session change in H-reflex size, the long-term change appears to reflect changes in motoneuron properties, in terminals on the motoneuron, and/or in spinal interneurons ( 3,4 for review).
Functional and therapeutic implications
In each session, the soleus H-reflex recruitment curve was measured before the conditioning trials, while the subject simply maintained the background EMG levels and did not try to change the H-reflex. As discussed in detail in Thompson et al. 23 , the H-reflexes changes found in this control situation (i.e., when the subject is not trying to change the H-reflex) reflect long-term plasticity produced by the conditioning sessions, rather than short-term task-dependent adaptation. Our present results show that this plasticity affects H-reflexes across a wide range of stimulus levels. This finding is consistent with previous work that shows that the effects of H-reflex conditioning are still present in the stance and swing phases of locomotion and actually affect the participation of the soleus muscle in locomotion 45 . Taken together, this study and previous work show that H-reflex conditioning affects the overall functioning of the reflex pathway, including its participation in other motor actions such as locomotion.
This overall effect implies that appropriate H-reflex conditioning might be effective in ameliorating the functional disabilities associated with disorders such as spinal cord injury or stroke. Indeed, in rats with incomplete spinal cord injury, up-conditioning of the soleus H-reflex can strengthen the soleus locomotor burst and thereby restore symmetrical gait 13 . Initial studies in people with incomplete spinal cord injuries accompanied by spasticity suggest that down-conditioning of the soleus H-reflex may improve locomotion 46 . Because conditioning paradigms can focus on specific reflex pathways and can target reflexes other than the H-reflex (e.g., reciprocal inhibition 47 ), they might be designed to address each individual's particular deficits. Reflex conditioning protocols might therefore provide a useful supplement to other therapeutic methods such as locomotor training [48] [49] [50] [51] .
Conclusions
In summary, operant conditioning of the human soleus H-reflex changes all or most of the H-reflex recruitment curve. Depending on the individual, the change may be an overall increase (with up-conditioning) or decrease (with down-conditioning) in the curve or a shift in the curve to the left (with up-conditioning) or the right (with down-conditioning). These results are consistent with previous data that show that H-reflex conditioning affects the pathway's participation in other behaviors 13, 45 ; and they further support the possibility that conditioning protocols might provide a valuable new approach to reducing the motor deficits associated with spinal cord injuries and other neuromuscular disorders. Average H-reflex recruitment curves for the 6 baseline sessions (o) and the last 6 conditioning sessions (x) of 2 HRup subjects. H-reflexes are plotted against the sizes of the accompanying M-waves. Second-order polynomial curves are fitted from the M-wave threshold to 50-70% H max of the down slope so that H max can be calculated for each curve (vertical lines). The arrow indicates the stimulus level used by the conditioning protocol (i.e., the M-wave size targeted by the protocol). In the subject in A (as in 5 of the 6 HRup subjects), the recruitment curve is broad, the entire curve is elevated by conditioning, and the stimulus level that produces H max does not change. In contrast, in the remaining HRup subject (B), the recruitment curve is narrow, the stimulus level that produces H max falls with conditioning, and the curve shifts to the left. In both subjects, the H-reflex produced by the stimulus level used in the conditioning protocol increases. 
